We previously found that enveloped virus binding and penetration are necessary to initiate an interferonindependent, IRF3-mediated antiviral response. To investigate whether membrane perturbations that accompany membrane fusion-dependent enveloped-virus entry are necessary and sufficient for antiviral-state induction, we utilized a reovirus fusion-associated small transmembrane (FAST) protein. Membrane disturbances during FAST protein-mediated fusion, in the absence of additional innate immune response triggers, are sufficient to elicit interferon-stimulated gene induction and establishment of an antiviral state. Using sensors of membrane disruption to activate an IRF3-dependent, interferon-independent antiviral state may provide cells with a rapid, broad-spectrum innate immune response to enveloped-virus infections.
Mammalian hosts have evolved very complex mechanisms for recognizing and responding to incoming viral pathogens to limit their further replication and spread. These innate immune responses rely on a set of pathogen recognition receptors that recognize specific features of viruses and activate several signal transduction pathways, leading to the induction of antiviral responses. Following entry of viruses into cells, viral nucleic acids (DNA or RNA) are recognized by members of the Toll-like receptor (TLR)/RIG-I-like receptor (RLR)/nucleotide binding domain and leucine-rich repeat-containing (NLR) families, leading to the activation of the transcription factor interferon (IFN) regulatory factor 3 (IRF3) and production of type I IFNs (12, 18) . These IFNs in turn engage alpha/beta IFN (IFN-␣/␤) receptors on neighboring cells, leading to a signal transduction cascade involving the Janus kinase and signal transducer and activator of transcription (Jak/STAT) pathway and the expression of numerous interferon-stimulated genes (ISGs) that function to limit virus spread (24) . Although IRF3 is a major transcription factor responsible for IFN production, mounting evidence suggests that there are IRF3-independent mechanisms of IFN production in response to nucleic acid recognition (1, 8, 9, 20) .
Recent evidence also suggests that cells can mount an IRF3-dependent, but IFN-independent, innate immune response. Enveloped, but not nonenveloped, virus particles from a broad range of virus families induce a subset of ISGs in the absence of detectable levels of viral replication and IFN production (3, 5, 13) . Triggering this IFN-independent antiviral response requires binding to and penetration of the cell by the physical virus particle (13, 15, 16) . Although IRF3 is essential for the response to virus particle entry (5, 17) , upstream sensors of viral infection, including TLRs and RLRs, are not (19, 27) . These data suggest that membrane fusion during envelopedvirus entry may be a sufficient trigger to induce an antiviral response. Indeed, cell-cell fusion of primary human fibroblasts mediated by expression of the fusogenic reptilian reovirus p14 fusion-associated small transmembrane (FAST) protein induces ISG56, MxB, and IP-10 expression (11). However, formal proof that membrane perturbation is sufficient to induce ISG expression has been lacking, due to the use of envelopedvirus particles or DNA plasmid expression systems in previous investigations. Given that viral and cellular RNA species are nonspecifically packaged into virus particles (14, 23, 25) along with the growing collection of cellular RNA and DNA sensors (28) (29) (30) , the possibility of nucleic acid recognition following either virus particle entry or transfection with the p14 expression plasmid could not be excluded as a mechanism of IRF3 activation and ISG induction.
To directly address whether perturbations of the plasma membrane are sufficient to induce an antiviral state, we utilized wild-type (wt) and mutant forms of the p14 protein to induce cell-cell fusion or membrane perturbations (Fig. 1A) . The 125-residue p14 FAST protein is a nonstructural reovirus protein whose expression and localization to the plasma membrane induce cell fusion and syncytium formation (6, 10) . To exclude the possibility that undefined innate triggers present in the p14 protein, rather than p14-induced membrane perturbations, trigger an ISG response, a mutant of p14 lacking part of an ϳ36-residue ectodomain (p14⌬30) was included as a control. This mutant lacks the ectodomain hydrophobic patch that was previously shown to be required for syncytium formation (7) . A cell-cell pore formation assay was utilized to quantify the percentage of donor cells coexpressing enhanced green fluorescent protein (eGFP) and p14 that acquired the cytoplasmic dye calcein red from the nontransfected target cells (4) . While p14(wt) induced extensive cell-cell fusion, p14⌬30 was devoid of pore formation activity (Fig. 1B) . Expression of p14(wt) in transiently transfected human fibroblasts induced the robust expression of ISG56, which is consistent with previous data (11) , while expression of p14⌬30 had minimal effects on the induction of ISG56 (Fig. 1C) .
To eliminate any potential activation from plasmid DNA, the p14 proteins were expressed using baculovirus constructs in Sf21 insect cells and were purified by affinity and ion exchange chromatography as previously described (26) (Fig. 2A ). As these proteins are integral membrane proteins, they rapidly precipitate when diluted out of detergent and into culture medium. However, when diluted in the presence of a lipid carrier, p14 associates with the lipid vesicles and maintains its membrane fusion activity, as shown by the ability of purified p14(wt) in the presence of Lipofectamine 2000 (Invitrogen) to induce syncytium formation when added to fibroblasts ( (Fig. 2B ). To determine whether the membrane fusion activity of purified p14 is sufficient to trigger a cellular antiviral response, primary human fibroblasts were treated with p14(wt) or p14⌬30 in the presence of Lipofectamine 2000. Treated cells were subsequently challenged with vesicular stomatitis virus (VSV), an RNA virus that is exquisitely sensitive to host innate responses, in a standard antiviral plaque reduction assay (13) . Purified, fusion-active p14(wt) induced a robust antiviral state in these cells, a response that was not observed with treatment of cells with Lipofectamine alone (LF2000 control) or with Lipofectamine plus the nonfusogenic p14⌬30 protein (Fig. 2C) . As was previously shown with enveloped virus particles (13), the induction of an antiviral state by purified p14(wt) occurred in the absence of detectable amounts of biologically active IFN (data not shown and Table  1 ). In addition, we failed to detect any signs of toxicity or cell death associated with these treatments (data not shown).
To investigate whether the antiviral state elicited by p14(wt) was dependent on IRF3, both wild-type and IRF3-deficient primary mouse fibroblasts were treated with the purified p14 proteins. Similar to p14(wt) treatment of primary human fibroblasts, treatment of wild-type mouse fibroblasts with the p14(wt) protein reduced the level of VSV-GFP expression by almost 90% relative to that of the LF2000 control (Fig. 3B) . For Western immunoblot analysis, 100 ng each of p14(wt) and p14⌬30 was run on a 12% SDS-polyacrylamide gel and transferred onto a polyvinylidene difluoride (PVDF) membrane. A horseradish peroxidase-conjugated 6ϫHis antibody was used to detect the p14 proteins. Mr, molecular mass marker. (B) QM5 cells were transfected with 4 g of purified p14(wt) or p14⌬30 proteins for 8 h to allow fusion to proceed. Cells were fixed and Giemsa stained, and light microscopy images were captured at a magnification of ϫ200. Syncytia are outlined in white. (C) Following a 24-h treatment with purified p14(wt) or p14⌬30 proteins, human fibroblasts were infected with VSV expressing GFP from the viral promoter. GFP fluorescence was detected 24 h postinfection using a Typhoon Trio imager (GE Healthcare). Results from a representative experiment are presented. The level of GFP expression was quantified using ImageQuant TL software (GE Healthcare) and expressed as a percentage of fluorescence relative to that of LF2000-treated wells. Cells incubated with no VSV or VSV only were included as controls.
FIG. 3. p14(wt) triggers an antiviral state that is dependent on IRF3. Following a 24-h treatment with 4 g of purified p14(wt) or p14⌬30 protein, wild-type (wt) (A) and IRF3
Ϫ/Ϫ (B) MEFs were infected with VSV expressing GFP from the viral promoter. GFP fluorescence was detected 24 h postinfection using a Typhoon Trio imager (GE Healthcare). The level of GFP expression was quantified using ImageQuant TL software (GE Healthcare) and expressed as a percentage of fluorescence relative to that of LF2000-treated wells. Data are presented as means Ϯ standard errors of the means (SEM) from three independent experiments. Statistical analysis was performed by one-way analysis of variance (ANOVA) and Tukey's post hoc test, comparing all treatments to that with LF2000 alone. Cells incubated with no VSV or with VSV only were included as controls. a RT 2 Profiler IFN pathway-specific arrays were utilized to investigate RNA expression profiles following treatment with p14. Human fibroblasts were treated with 4 g of purified p14(wt) or p14⌬30 protein in the presence of LF2000 for 24 h. Genes whose expression was upregulated more than a factor of 2 relative to that of the LF2000 control in an experimental treatment group were identified.
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Similar treatment of cells with the nonfusogenic p14⌬30 protein failed to induce an antiviral state in wild-type mouse fibroblasts ( Fig. 3A and B) . Most importantly, induction of the antiviral state by the p14(wt) protein was dependent on IRF3, since IRF3-deficient cells treated with p14(wt) protein were unable to prevent VSV-GFP replication. Collectively, these data demonstrate that membrane perturbation mediated by the p14 viral fusogen is sufficient to induce an IRF3-dependent, IFN-independent antiviral response in human and mouse cells.
To investigate the RNA expression profile following treatment of primary fibroblasts with purified p14(wt) or p14⌬30 proteins, we utilized RT 2 Profiler IFN pathway-specific arrays (Qiagen) consisting of 84 genes within four major functional groups (IFNs, IFN receptors, IFN regulatory factors, and ISGs). Genes whose expression was upregulated more than a factor of 2 relative to that of the LF2000 control in any experimental treatment group were identified (Table 1) . Following treatment with the p14(wt) protein, 23 genes showed increased expression at the mRNA level. In marked contrast, there was a dramatic decrease in the induction levels of all 23 of these genes when cells were treated with the nonfusogenic p14⌬30 protein ( Table 1 ). The complete data set from the PCR array may be found in Table S1 in the supplemental material. The gene induction profile induced by p14(wt) was similar to that obtained using a cDNA microarray following treatment of human fibroblasts with intact virus particles (13) . Interestingly, of the 19 IFN genes on the array, only IFN-was moderately increased by p14(wt).
The results presented here strongly suggest that membrane perturbation is sufficient for induction of an innate cellular antiviral response. The cellular response elicited by membrane perturbations induced by the purified p14(wt) membrane fusion protein mirrors that observed upon virus particle entry: induction of a subset of ISGs in the absence of IFN production that is dependent on IRF3. The fact that the same response can be induced by a purified viral fusion protein indicates that this response is not triggered by virus pattern-associated molecular patterns such as nucleic acid. While we cannot definitively exclude the possibility that features of the p14 FAST protein beyond its membrane fusion activity might contribute to triggering this response, this seems highly unlikely since the p14⌬30 protein triggered no such response. Membrane localization studies (microscopy and biochemical fractionation) confirmed the cell surface localization of the utilized FAST proteins (data not shown). We are also unaware of known mechanisms of foreign (viral) proteins activating intracellular innate immune signaling events. Although viral glycoproteins engage cell surface receptors, including TLR2 and TLR4, p14 lacks high-affinity receptor binding activity (22) . Furthermore, viral particle binding to the cell surface is insufficient to elicit the IFN-independent antiviral response (13, 15, 21) . We are therefore left with the only reasonable conclusion, that the mechanism of p14-induced membrane fusion elicits induction of an antiviral response, the same response triggered by the entry of numerous enveloped, but not nonenveloped, viruses. Membrane perturbation associated with bacterial infection is also a known inducer of intracellular NLR proteins, leading to activation of the inflammasome (2), although the signaling pathways triggered in response to these perturbations have not been defined. With respect to viral entry, it remains to be determined what biochemical aspects of membrane fusion mediated by p14 or enveloped-virus fusogens lead to the types of membrane perturbations that trigger the observed cellular antiviral response. The signaling cascades upstream of IRF3 also remain elusive, as TLRs and RLRs were found to be nonessential (19, 27) , consistent with the response being independent of nucleic acid or other viral structural components. It seems likely that membrane perturbations triggered by enveloped-virus entry are detected as a "cellular stress," leading to rapid activation of a generic stress response pathway. Future experiments aimed at identifying the pathways involved should provide a clearer understanding of the primary events associated with a viral infection.
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